This study provides an experimental investigation on forced convective heat transfer performance of water flowing through six micro tubes with inside diameters ranging from 0.123 to 0.962 mm. A non-contacted Liquid Crystal Thermography (LCT) temperature measurement method that proposed by Lin and Yang [2005] was used in this study to measure the surface temperature of micro tubes. The test results shows that, for all six tubes, the measured thermal developing and fully developed turbulent flow heat transfer coefficients agree very well with those predicted by conventional correlations. However, while the Reynolds numbers are greater than 1,000, the heat transfer coefficients increase with increasing Reynolds number. This is caused by that the tube length is not long enough for flow to be fully developed at high Reynolds number conditions and the flow is still in developing condition. The laminar-turbulent transition flow regime can be easily observed from the tube wall temperature variations. The wall temperature fluctuated within 0.2 o C during laminar and turbulent flow. But it fluctuated up to 2.3 o C while in transition regime. The transition occurs at Reynolds number from 2300 to 3000 and independent of size of the tubes. This is also the same range as that for conventional larger tubes. There is no size effect within the tested tube diameter range.
Nomenclature

Introduction
The study on heat transfer performance in micro tubes has become more important due to the rapid growth of the application for high heat flux electronic devices cooling. Several researches dealing with the single-phase forced convection heat transfer in micro tubes have been published in the past years. Yu et al. [1995] studied the fluid flow and heat transfer characteristics of nitrogen gas and water in circular tubes with diameters of 19, 52 and 102 µm and Reynolds numbers ranging from 250 to near 20,000. The measured friction factors were slightly lower than the Moody chart values for both laminar and turbulent regimes. However, the Nusselt numbers for cooling of water in the turbulent regime were considerably higher than would be predicted for larger tubes, suggesting that the Reynolds analogy does not hold for micro-channel flow. Adams et al. [1998] investigated turbulent single-phase forced convection of water in circular micro-channels with diameters of 0.76 and 1.09 mm. The data suggested that the extent of enhancement increases as the channel diameter decreases and Reynolds number increases. Based on the data they obtained, along with earlier data for small circular channels by Yu et al. [16] , they developed a correlation for the Nusselt number for turbulent, single-phase, forced convection in circular micro-channels with diameters range from 0.102 mm to 1.09 mm. Mala and Li [1999] investigated water flow through micro tubes with diameters ranging from 50 to 254 µm. The experimental results indicate that at high Reynolds number laminar flow condition, the friction factor is higher than that given by the conventional Poiseuille flow theory. Celata et al. [2002] reported the results of refrigerant R-114 flowing in capillary tubes with a diameter of 130 µm. They found that the friction factor was in good agreement with the Hagen-Poiseuille theory for Reynolds number below 600 but higher than that for higher Reynolds number. Li et al. [2003] tested the frictional characteristic of water flowing in glass, silicon and stainless steel micro tubes with diameters ranging from 79.9 to 205.3 µm. They concluded that for smooth tubes, the friction factor is consistent with the results in macro tubes, while the value of fRe in rough tubes is 15 ~ 37% higher than 64. Yang et al. [2003] provided a systematic test of friction characteristic for air, water, and liquid refrigerant R-134a in 10 tubes with inside diameters from 0.173 to 4.01 mm including the laminar and turbulent flow regime. The test results show that the conventional correlations for large tubes may be adequately used to estimate the friction factors for water, refrigerant, and laminar air flow in microtubes. For turbulent airflow, however, the flow Mach number is too high to be treated as incompressible flow. Yen et al. [2003] measured heat transfer performance of laminar refrigerant R-123 flow in 0.3 mm diameter tube by direct attaching K-type thermal couple on the tube wall. The results are in reasonable agreement with the analytical laminar constant heat flux value (Nu d = 4.36). However, the data have a very high Nu scattering distribution from around 2 to 5. Lelea et al. [2004] investigated developing and laminar distilled water flow in micro tubes with diameter 0.1, 0.3 and 0.5 mm. The experimental results confirm that, including the entrance effects, the conventional or classical theories are applicable for water flow through micro tubes of the sizes tested.
In summarizing the above literature review, friction factors in micro tubes can be adequately predicted by the conventional correlations. However, most of the heat transfer test results are significantly departed from those predicted by the traditional forced convection heat transfer correlations. Some of them attributed their different results to the effect of shape, surface roughness and size of the channels. This seems conflicted to the friction measurement results. For heat transfer test, the measurement accuracy of micro tube wall temperature may be the most important factor that causes this discrepancy. Since the diameter of the sensors for measuring micro-tube surface temperature is comparable to the size of the micro-tube itself, the tube surface temperature cannot be accurately measured due to the effect of sensor wire thermal shunt. Furthermore, since the size of thermal couple is extremely small, it is very difficult to have it firmly contacted on the tube wall. Lin and Yang [2005] proposed a non-contacted Liquid Crystal Thermography (LCT) method to measure the surface temperature of micro tubes. It is successfully avoid the thermal shunt and contact problem caused by using thermal couple. The temperature measurement uncertainties are lower than 0.4 o C.
This study provides an experimental investigation on forced convective heat transfer performance of water flowing through micro stainless steel tubes with inside diameter from 0.12 to 0.96 mm.
The LCT method that proposed by Lin and Yang [2005] was used in this study to measure the surface temperature of micro tubes.
Experimental method 2.1 Experiment system
Six stainless steel tubes with inside diameter ranging from 123 to 962 µm were tested in this study. The tubes inside diameters were measured from the enlarged photographs by Scanning Electron Microscope (SEM) and Optical Microscope (OM) for larger and smaller tubes respectively. Figure   1 shows the sample enlarged photographs of the cross-section view of the tubes with inside diameters 123 µm and 962 µm. For reducing the measurement uncertainties, several tube were bundled together, cut and ground to have smooth cross section surface. For each size of tube, each tube was measured and all tubes were averaged to obtain the average tube diameter. Table 1 gives the detail dimensions and surface roughness of these tubes. The schematic diagram of the test facilities is shown in Figure 2 . A pressure vessel connected to high-pressure nitrogen was used to push the water through micro tube. The inlet water temperature was measured by a resistance temperature detector (RTD). DC power was clapped on both ends of the test tube to heat the tube surface. The flow rate was measured by a programmable electronic microbalance. The experimental apparatus and derived parameters uncertainties are listed in Table  2 . 
LCT temperature measurement and uncertainty analysis
For increasing the accuracy of temperature measurement, four thermochromic liquid crystals (TLCs) with 5 o C band width from 28~33, 33~38, 38~43 and 45~50 o C were used in this study. The diameters of the encapsulated TLCs are from 5 to 15 microns. The TLCs was painted on the tested surface with thickness of 30 to 50 µm. A black paint was also painted under the TLCs as the background for improving the color resolution by absorbing un-reflected light. A sample photograph and the analyzed temperature distribution map of 28~33 o C TLC on a 0.96/1.26 mm inside/outside diameter tube are shown in Figure 3 . The temperature increases from the left hand side to the right hand side with color changes from red to blue respectively. While out of the designated temperature range, the TLCs remain transparent and the black background color was shown on the photograph. The relation between the hue value and temperature was calibrated in a constant temperature box. Electrical heating wires were attached on inside surfaces of the box to maintain the entire box space at designated temperatures. 9 T-type thermocouples were evenly placed near the test tube in the box to measure its temperature distribution. The Liquid Crystal Thermograph and temperature measured by thermocouples were recorded simultaneously. The temperature uniformity in the constant box at different temperature can be maintained within 0.2 o C.
The uncertainty of the temperature value for a single pixel can be obtained by using the polynomial on the hue value of this pixel which presented by Hay and Hollingsworth [1996] . The uncertainty δT is calculated as
Where dT/dH is the slope of fitting curve and δh is the standard deviation of average hue obtained form each pixel of the data region. The standard estimate error (SEE) is defined as:
where k is the number of data point and j is the order of the curve fit. the standard deviation for the calibrated temperature-hue curve was evaluated within 0.4 o C.
Data reduction
The heat transfer rate was measured from the DC power input and it equals to the enthalpy of water flow increased. Since the electrical power was added uniformly on the tube surface, the local water temperature, T x , at the position x from the heating entrance can be estimated by: Figure 5 shows the measured Nusselt numbers vs. the Reynolds numbers for water heated in the six tubes. In laminar flow regime, the measured Nusselt numbers agree well with the constant heat flux theoretical value, 4.36. However, for Reynolds greater than 1,000, the Figure shows that the heat transfer coefficients increase with increasing Reynolds number. This is caused by the insufficient tube length at high Reynolds number conditions and the flow is still in developing condition. Starting from Reynolds number around 2,300 ~ 3,000, the flow regime transferred to turbulent. The turbulent Nusselt numbers perfectly agree with those predicted by the Gnielinski [1976] correlation. This shows that conventional heat transfer correlation for large tubes can be well applied for predicting the heat transfer performance in micro tubes. There is no significant size effect for water flow in tubes within this diameter range.
Fully Developed Heat Transfer
Owing to the fast time response of the TLCs, the tube surface temperature variation can be easily observed. Figure 6 records the transient temperature variation in different flow regimes. In laminar and turbulent flow regimes, the surface temperatures kept steady and fluctuated within 0.2 o C, which is lower than the uncertainties of LCT measurements. However, while it is in transition regime, the surface temperature fluctuated drastically as high as 2.3 o C. If we enlarge the range of the Graetz number less than 0.2 as shown in Figure 8 , we may find that the developing Nusselt numbers in 0.962 mm tube agree very well with those predicted by the Shah and Bhatti [1987] empirical correlations. However, as the tube size decrease, the discrepancy between the test results and the predicting value increase. Several researches discussed about the effect of surface roughness for micro tube laminar flow (Wu and Cheng [2003] , Celata et al. [2006] ). But none of them noticed the variation in the developing flow regime. More study is necessary for the entrance thermal phenomenon in micro tubes. 
Conclusions
This study measured the heat transfer coefficients for water flow through six micro tubes with diameters ranging from 0.123 to 0.962 mm. The test results show that, for all six tubes, the measured thermal developing and fully developed turbulent flow heat transfer coefficients agree well with those predicted by Shah and Bhatti [1987] and Gnielinski [1976] correlations respectively. The laminar heat transfer coefficients increase with increasing Reynolds number. This is caused by that the tube length is not long enough for flow to be fully developed at high Reynolds number conditions and the flow is still in developing condition. The laminar-turbulent transition flow regime can be easily observed from the tube wall temperature variations. The wall temperature fluctuated within 0.2 o C during laminar and turbulent flow. But it fluctuated up to 2.3 o C while in transition regime. The transition occurs at Reynolds number from 2300 to 3000. This is also the same range as that for conventional larger tubes. There is no significant size effect within the tested tube diameter range.
